The snRNP E protein is one of four "core" proteins associated with the snRNAs of the U family (U1,U2,U4,U5, and U6). Screening of a human teratoma cDNA library with a partial cDNA for a human autoimmune antigen resulted in the isolation of a cDNA clone containing the entire coding region of this snRNP core protein. Comparison of the 5' end of this cDNA with the sequences of two processed pseudogenes and primer extension data suggest that the cDNA is nearly full length. The longest open reading frame in this clone codes for a basic 92 amino acid protein which is in perfect agreement with amino acid sequence data obtained from purified E protein. The predicted sequence of this protein reveals no extensive similarity to other snRNP proteins, but contains regions of similarity to a eukaryotic ribosomal protein.
INTRODUCTION
Small nuclear RNAs of the U family have been shown to be required for a variety of RNA processing reactions in eukaryotic cells (1, 2) . In vivo, these RNAs are found complexed with a small number of discreet proteins. The importance of the protein components of snRNPs in modulating the function of the snRNP is underscored by the finding that snRNP proteins are required to obtain specific interaction of Ul RNA with 5' splice junctions in vitro (3) . However, the specific roles of individual snRNP proteins in RNA processing reactions are unknown. Progress towards understanding the function of each protein will be facilitated by detailed structural information.
Interest in the structure of these proteins has been heightened by the discovery that many snRNP proteins are recognized by antibodies produced by patients with autoimmune disorders (4, 5) . In at least one case, structural studies have revealed that an autoimmune antigen, the Ul specific 70K protein, has structural similarity to a viral coat protein, suggesting a possible mechanism for the initiation of the autoimmune response (6) . Thus, there are compelling reasons to investigate the structure of the snRNP proteins, and considerable progress has been made in this area. cDNA clones corresponding to several snRNP proteins have been cloned and sequenced (7) (8) (9) (10) (11) (12) (13) , and biochemical and inununological studies have yielded valuable data concerning the variety and relatedness of these proteins (14) (15) (16) .
We report here the complete sequences of a cDNA clone for the snRNP E protein and a second member of the E protein multigene family. The E protein is both a snRNP core protein (17) and a known autoimmune antigen (12, 18, 19) . Although the E protein exhibits little amino acid sequence similarity to other snRNP proteins, it does have regions of similarity to a ribosomal protein suggesting possible functional homologies between the spliceosome and the ribosome.
MATERIALS AND METHODS Materials
Restriction enzymes were purchased from Boehringer Mannheim, New England Biolabs, and Bethesda Research Laboratories. Radioisotopes were supplied by Amersham and ICN. T4 polynucleotide kinase was obtained from New England Biolabs or Boehringer Mannheim. AMV reverse transcriptase was purchased from ProMega and Bethesda Research Laboratories. The vectors M13mpl8/19 and reagents for dideoxysequendng were obtained from Pharmacia P-L Biochemicals, Inc. The plasmid vectors pGem3 and pGem4 were purchased from ProMega while the vectors BS+/-were purchased from Stratagene. The human teratoma cDNA library was a gift from Dr. J. SkowronskL a human genomic library in Charon 4A was a gift from Dr. T. Maniatis, and a human genomic library in EMBL-3 was purchased from Qontech. Screening of a human teratoma cDNA library A gtlO cDNA library from human teratoma cells (20) was screened with nicktranslated p281 (10) . A single positive plaque was isolated and DNA was prepared as described (21) using the C600 strain of K coli as host A 1700 nudeotide Hindm-BgtU. restriction fragment from the lambda clone was gel purified and subcloned into Hindlll-BamHI digested pUC13. This plasmid done was subsequently digested with EcoRI and a 550 nudeotide fragment was gel purified. The £coRI-£coRI fragment was doned into EcoRI digested pGem4 to yield cDNA clone pllHBl. Screening of human genomic libraries Nick-translated p281 was used to screen a lambda Charon 4A library of human genomic DNA (22) . Positive clones were plaque-purified and DNA was prepared as described (21) . Positive lambda dones were analyzed by restriction mapping and southern blots (23) . Four distinct but overlapping dones were isolated (ELEIv24,137}. Selected restriction fragments from the lambda dones were subdoned into plasmid vectors (either pGem3/4 or pBS+/-). The plasmid dones were restricted and subdoned into M13mpl8 or mpl9 for sequence analysis. The 550 nudeotide EcoVI-EcoW insert of pllHBl was nick-translated and used to screen a lambda EMBL-3 library of human genomic DNA. Restriction fragments from positive clones were subcloned into plasmid vectors and processed for sequencing as described above Nudeotide seouencing arid analysis Single-stranded sequencing was as described previously (24) . The annealing step for double-stranded sequencing was performed by mixing 10 ng oligodeoxynucleotide with 1 pg of plasmid DNA, heating to 100"C for 3 min, and men rapid cooling to 4°C for 10 min. After the annealing step double-stranded sequencing followed the protocol for single-stranded sequencing. Sequence manipulation and analysis was accomplished using the following software packages: Cornell Sequence Analysis Package, DNASTAR, and University of Wisconsin Genetics Computer Group (UWGCG) package. Database searching was accomplished using the PROSCAN program of the DNASTAR package with a k-tuple of 2. This program uses the same algorithm and similarity matrix as the FASTP program described by Iipman and Pearson (25) . The mean similarity score for the search of E protein versus 8588 sequences in the NBRF protein database was 18.7, with a standard deviation of 5.94. 
Primer extension studies
Primer extensions utilized poly(A)* RNA isolated from HeLa cells (12) . An oligodeoxynudeotide (DRS-7, 5'-AAGAGCACACCCGCACGCTG-3') was end-labeled with T4 polynudeotide kinase (21) and annealed to polyiAY RNA at 42°C for 8-12 hr. The resulting hybrids were incubated in the presence of 5 units AMV reverse transcriptase and 1 mM dNTPs for 2 hr at 41°C. Following this reaction the products were ethanol precipitated and electrophoresed on denaturing polyacrylamide gels (7M urea-8% polyacrylamide). Arnino acid sequence analysis E protein was isolated by electroelution following preparative sodium dodecyl sulfate polyacrylamide gel electrophoresis of a mixture of total proteins from anti-m,G affinity purified HeLa snRNPs (16, 18) . Approximately 50 fig of electroeluted E protein was further purified by reverse phase HPLC applying inverse gradient conditions (26) to remove contaminants from gel electrophoresis and staining. The protein containing peaks were pooled, evaporated to dryness and dissolved in 250 ]A of freshly prepared 70% formic acid. An equal volume (250 yl) of 20% cyanogen bromide (w/v) in 70% formic arrows. Restriction sites are; A,AhiI;E,EcoKL;H,Hindni;Hc,HincTl;NcoJfcol; P.Pitl; Pvu, PvuU; R, Rsdl; S, Sau3AI; Sma, Smal; Ssp, Sspl; Sst, Sstl; T, Taql; X,Xmnl acid was added and left for 4 hr in the dark at room temperature. Thereafter, the sample was diluted 10-fold with water, concentrated to about 200 pi, acidified with 0.1% trifluoroacetic acid and applied to reversed phase HPLC. Protein containing peaks were analyzed by amino acid analysis. N-terminal amino acid sequence analysis was performed on a gas-phase sequencer 470 A from Applied Biosystems. The phenylhydantoin amino acid derivatives were analyzed by an HPLC system which separates all components isocratically (27) .
RESULTS
A partial cDNA clone (p281) for a human autoimmune antigen (10,12) was used to screen both a human genomic library and a lambda gtlO cDNA library from human teratoma cells.
Four overlapping clones (ELEK^4,137) were isolated from a genomic library made from human fetal liver DNA, and another overlapping clone (LH75) was isolated from a human leukocyte genomic library. The five genomic clones were determined to be overlapping by restriction (Fig. 1 ) and sequence analysis. These genomic clones are collectively referred to as clone 137, after the first isolate of this group. Partial restriction maps and sequencing strategies are shown for 137 and the two cDNA clones in Fig. 2 .
Sequence data indicated that the 137 family of clones represent a second pseudogene for the E protein. The restriction map of 137 differs from the cDNA restriction map at several locations (Fig. 2 ). These differences were confirmed at the nucleotide level (Fig. 3) . Clone 137 shows 90% similarity to the full length cDNA described below and 88% similarity to clone 63, a previously described pseudogene (10) . Although clone 137 contains a consensus translation initiation sequence (position 43-49, Fig. 3 ) and a polyadenylation signal (position 443-449, Fig. 3 ) at appropriate locations, the open reading frame of clone 137 is interrupted by a two base deletion at position 169 which results in a shorter open reading frame than the cDNA. Further evidence that clone 137 represents a processed pseudogene comes from the finding that there is a long tract of As interrupted by several Gs 23 nucleotides downstream of the polyadenylation signal. Furthermore, a short direct repeat (9/10 matching) is found on each side (positions -20 to -11 and 610 to 618, Fig. 3 ) of the putative mRNA sequence. An Alu repetitive element is found directly upstream (position -258 to -26, Fig. 3 ) of the 5' direct repeat.
Interestingly, nine of the mutations found in clone 137 are also present in the previously characterized pseudogene (clone 63). However, clone 137 contains a number of mutations which differentiated this pseudogene from pseudogene 63 as well as the cDNA (Fig. 3 ). . Numbering begins at the first nudeotide in the cDNA insert of pllHBl and does not reflect insertions/deletions in the pseudogene sequences, llaa, amino add sequence deduced from the nudeotide sequence of pllHBl; 11HB1, nudeotide sequence of the cDNA insert of pi 1HB1; 63, nudeotide sequence of a previously described pseudogene; 137, nudeotide sequence of genomic done 137; 137aa, amino add sequence aeduced from the nudeotide sequence of genomic done 137.
Screening of a human teratoma cDNA library with p281 yielded one positive lambda cDNA done. The insert from this done was subdoned into pGem4 to generate pllHBl (Fig. 2) . This new cDNA done contains a 492 nudeotide cDNA insert plus a poly(A) tract of 52 nudeotides (Fig. 3) . Two lines of evidence suggest that pi 1HB1 is nearly full length. Extension of an end-labeled oligodeoxynudeo tide (DRS-7) by reverse transcriptase yielded two predominant products of 41 and 45 nudeotides (Fig. 4) . Since the 5' end of DRS-7 is complementary to position 31 of pllHBl, these extension products map 10 and 14 nudeotides 5' to the end of pllHBl (Fig. 4) . This localization of the cap site of E protein mRNA is in good agreement with the end point (ATT position -12, Figs. 3 and 4) defined by the extent of similarity between pseudogenes 63 and 137. The longest open reading frame of pllHBl begins at nucleotide position 46 and codes for a protein of 92 amino acids. The deduced polypeptide coded by this cDNA would have a molecular weight of 10800 daltons and an approximate pi of 95. The predicted amino acid sequence differs at one position from that predicted earlier (10) . A histidine residue was predicted for amino acid position 4 based on the nucleotide sequence of pseudogene 63, whereas, an arginine residue is predicted for amino acid position 4 based on the sequence of pllHBl.
The predicted secondary structure of the E protein coded by pllHBl is presented in Fig. 5 . Hydrophobic and hydrophilic regions are indicated in Fig. 5 as are potential N-linked glycosylation sites.
Previous experiments have shown that the original cDNA clone (p281) coded for an in vitro translation product which co-migrated with authentic E protein and was These amino adds can be arranged into three peptide sequences which correspond to three of the five cyanogen bromide fragments (boxed amino adds in the diagram) predicted from the cDNA sequence. Yields for most of the amino adds were suffident for unambiguous identification. Amino adds for which yields were low have been placed in parentheses.
recognized by anti-Sm sera (12) . To confirm that the open reading frame of p 11HB1 does code for the E protein, purified E protein was subjected to amino add analysis. HeLa cell snRNPs were affinity purified on an anti-m,G affinity column and E protein was isolated by preparative gel electrophoresis. Electroeluted E protein was further purified by HPLC Direct sequence analysis on the purified E protein was unsuccessful, suggesting that the amino terminus was blocked. Therefore, the intact protein was subjected to deavage with cyanogen bromide, and the resulting peptides were fractionated by HPLC Material from one major peptide peak was then subjected to amino add sequence analysis on a gas-phase sequencer. Surprisingly, three PTH amino adds were detected for each cycle as shown In Fig. 6 . However, the three amino add residues from each cycle can be aligned to match perfectly the cyanogen bromide peptides predicted from the cDNA sequence (Fig. 6) . Thus, the protein sequence predicted from the DNA sequence of pi 1HB1 is entirely consistent with the amino acid analysis of highly purified E protein isolated from HeLa cell snRNPs.
DISCUSSION
Previously, we reported the cloning of a cDNA for a human Sm antigen which co-migrated with die snRNP E protein (12) . The results presented here provide solid confirmation of the identification of this autoimmune antigen as E, and provide a good basis for structure/function analysis of this protein. The primary translation product produced from E protein mRNA would have a molecular weight of 10800 which agrees well with our estimates from SDS gel electrophoresis. However, we cannot exclude the possibility that a few of the N-terminal amino acids are removed to generate the functional form of the E protein. We have not noted sequence similarities at either the nucleic acid or amino acid level with other nucleic acid binding proteins. The RNP consensus sequence found in several other snRNP proteins and nucleic acid binding proteins (28) is not present in the E protein. This may indicate that E does not directly interact with the snRNA in the RNP complex. If this is true, it would suggest that the E protein is not the Sm antigen which binds to the consensus Sm binding site A(U)nG (n=3 to 6) in snRNAs.
It may be noteworthy that the E protein has some sequence similarity to at least one ribosomal protein (Fig. 7) . A similarity search of the 8588 sequences in the NBRF protein sequence database with the derived E protein sequence (k-tuple=2) (25) yields the yeast mitochondrial ribosomal protein varl (Scer38SRP) as the highest scoring sequence. In the optimized alignment of E protein with this yeast ribosomal protein, there are 17 positions of identity and an additional 31 conserved substitutions between the two proteins. The similarity score for the E protein-yeast mitochondrial varl comparison was over 5 standard deviations above the mean score for this search, raising the possibility that these two proteins could be related functionally. Several authors have commented on similarities between the spliceosome and the ribosome (1,2^9) . The suggestion of a structural or functional relationship between a ribosomal protein and a spliceosomal protein adds further interest to these comparisons. Unfortunately, the role of the varl protein in the yeast mitochondrial ribosome is not dear, so the observed sequence similarity does not provide any useful clues as to the function of the E protein in the RNA processing machinery. The isolation of the full-length cDNA for the E protein should facilitate further studies of the role of this protein in snRNP structure and function.
We have not yet begun to investigate the regulation of E protein expression in mammalian cells, but the sequence data reveal a potential diversity in the structure of E protein mRNAs from different sources. Current theory dictates that the structure of the processed pseudogenes should reflect the structure of mRNAs synthesized in the germ line tissues where they originated (30, 31) . Thus, the different locations of the poly(A) tails in the pseudogenes and the cDNA may reflect differential usage of alternative poly(A) signals between germ line cells and the teratoma cell line which gave rise to pllHBl. Since the two mRNA species would differ only by 20 nucleotides of 3' noncoding sequence, it is not clear what the functional significance of differential polyadenylation would be in this case.
The primer extension data suggest that there is also some length heterogeneity at the 5' end of the E protein mRNA. At least two major extension products are obtained from a single oligonucleotide primer. Further characterization of the expression of the E protein gene in different cells may reveal a possible function for this micro-heterogeneity in the structure of E protein mRNA.
